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Outline of this Talk

B Brief review of theory and experiments

B Tailoring Casimir forces with metamaterials

@ What is a metamaterial (MM)?

@ Is MM-based Casimir repulsion possible?

B Disorder in quantum vacuum

Q@ Casimir-induced localization of matter waves

B Thermal Casimir force

@ First experimental observation of the thermal Casimir force
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Brief intro to Casimir physics
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The Casimir force los Aames

Casimir forces originate from changes in quantum
vacuum fluctuations imposed by surface boundaries

They were predicted by the Dutch physicist Hendrik
Casimir in 1948

1 F 72 he
E:§zk:ﬁCUk:> _—

(130nN/cm? @ d = 1um)

Dominant interaction in the micron and sub-micron lengthscales

The magnitude and sign of the Casimir force depend on
the geometry and composition of surfaces
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Modern Casimir experiments . iosaamos

B Torsion pendulum B Atomic force microscope

Lamoreaux Onofrio, Mohideen, lannuzzi, ....

B8 MEMS and NEMS B8 AFM/MEMS in nanostructures

Capasso, Decca,... Chan, Decca
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Modern Casimir experiments . ioatamos
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The Casimir-Polder force . Los Alamos

B vdVW - CP interaction Casimir and Polder (1948)

The interaction energy between a ground-state atom ‘
and a surface is given by

R4
R [dE ., |
UCP(RA) = 6260 ; 2ﬂ_§ Oé(?,f) Tr G(RA,RA,Zf) /-\_//k_\
. L e 2 wio|dok|
Atomic polarizability: a(w) = lﬂ% 37 2= — e
2
Scattering Green tensor: (V x V X —i—Qe(r,w)) G(r,r,w) =6(r — ')
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A

The Casimir-Polder force . Los Alamos

B vdVW - CP interaction Casimir and Polder (1948)

The interaction energy between a ground-state atom ‘
and a surface is given by

R4
R [¥dE ., . |
UCP(RA) = ey /o 2ﬂ_§ Oé(?,f) Tr G(RA,RA,Zf) /-\//k-/\
. L e 2 wio|dok|
Atomic polarizability: a(w) = lﬂ% 37 2= — e
2
Scattering Green tensor: (V x V X —i—Qe(r,w)) G(r,r,w) =6(r — ')

® Eg: Ground-state atom near planar surface @ T=0

Non-retarded (vdW) limit z4 < A4 Retarded (CP) limit za > A4
b1 [7dg (i) — 1 ~ 3hea(0) 1 e —1
Uvaw(z4) = 8meo 25 Jo ZWQ(ZQ e(i€) + 1 Ucr(za) = = 8 zi‘l €0 + 1¢(€0)
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Modern CP experiments (o

B Deflection of atoms B Classical/quantum reflection
mn 5 k/:i;i}\ (a)
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Metamaterials and Casimir
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Effects of materials ok

The Lifshitz formula:  Lifshitz (1956)

F *dw [ d°k) R, - R,e2Ksd
L ond o KT .
A H \/O 27T / (27T)2 3 t ]_ — R1 . R2 621K3d medium 1 e dium 2

€, < > G U

Ky = \Jw?/c? - -' i’

Reflection matrices (Fresnel formulas for isotropic media):
(W) Ks —  Je(@)n(w)w? /2 — k]
oK+ \Jd@)e?] — 1]

Relevant frequenaes.

TM, TM :
r (w, k) = prETE —p IMIM S with €< 1

w>0Q
e(w) Ll = PP a0 (Transparent plates)
= F =0

0 <w < min{Q,,c/d}

w > c/d = 2K3d ~ () (Fast oscillations)
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Going to imaginary frequencies - iosaamos

F 2k  Ryge— 2K
i 27’1/ _5/ l K3T Rl ];{'26
A 0 2 (2 ) 1—-Rq- R2€_2K3d

Kramers-Kronig (causality) relations:

| 9 [0 ¢! ‘ 2 [ wy (w)
e(zg):1+;/0 52_&62)2@) ,u(zf)zl—l—;/o w2+£2dw

Dominant frequencies below the near-infrared/optical
region of the EM spectrum (gaps d= 200-1000 nm)

The important message is that Casimir is a broad-band frequency phenomenon
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The sign of the Casimir force (lochanns

2T (27’(’)2 s rl — R - R26_2K3d

* d¢ [ d’k ®1 - Rop—*Fo
— 2h KT
0

r
A

The sign of the force is directly connected to the sign of the product of
the reflection coefficients on the two plates, evaluated at imaginary
frequencies. As a rule of thumb, we have (p=TE,TM)

RY(i&) - R5(i€) > 0 (V £ < ¢/d) = Attraction
RY(i€) - R5(i&) < 0 (V € < ¢/d) = Repulsion
In terms of permittivities and permeabilities:

€q (Zf) > Gb(if)
—> Repulsion
b (Zf) > g (Zﬁ)
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|deal attraction-repulsion Inh

B |deal attractive limit
Casimir (1948) : :
F_ m e
A 240 d4
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ldeal attraction-repulsion . Lok Alamos

B |deal attractive limit
Casimir (1948) E !
P 7 he
A 240 d4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4
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Ideal attraction-repulsion Jsnte

KATIONSL LABDESTIEY

B |deal attractive limit
Casimir (1948) : 5
P 7 he
A 240 ¢4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4

B Real repulsive limit
Casimir repulsion is associated with strong
electric-magnetic interactions. However, natural
occurring materials do NOT have strong
magnetic response in the optical region,i.e. u =1
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Ideal attraction-repulsion Jsnte

KATIONSL LABDESTIEY

B |deal attractive limit
Casimir (1948) : 5
P 7 he
A 240 ¢4
B Ideal repulsive limit
Boyer (1974)
P 7w he $ >
A 8 240 ¢4

B Real repulsive limit
Casimir repulsion is associated with strong

electric-magnetic interactions. However, natural —5 Metamaterials
occurring materials do NOT have strong

magnetic response in the optical region,i.e. u =1
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Metamaterials

7

s LosAlamos
@ Artificial structured composites with designer electromagnetic properties

INAL LABEDESTOEY

@ MMs are strongly anisotropic, dispersive, magneto-dielectric media

B Negative refraction Veselago (1968), Smith et al (2000)
@ Perfect lens

Pendry (2000)
® Cloaking Smith et al (2007)
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Effective medium approximation . icsaamos

We want to compute the Casimir force between a metallic plate and a MM.
Let us assume a metallic plate in is reasonably well described by a Drude
response

()2

W+ 1YW

e1(w)=1-— =1

:\\

LILICICICICICILY

For the MM the optical response is not
so simple.....

In the effective medium approximation
(EMA) one describes the MM with an

effective electric permittivity and an

effective magnetic permeability. This is

an approximation valid when the MM is

probed at wavelengths much larger that

the average distance between the

constituent “particles” of the MM.

JILICICICINCNE NN
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EMA: Electric response - Los Alamos

Close to resonance, the optical response can be modeled by a Drude-

Lorentz permittivity

2

e(w)=1- £
(@) w’ —w, +iwl

2
_a)o

Dielectric ¢

0 P
Frequency

J.B. Pendry et al., Phys. Rev. Lett. 76,4773 (1996).

Tuesday, March 8, 2011



EMA: Magnetic response
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J.B. Pendry et al., IEEE Trans. Microwave Tech. 47, 2075 (1999).

Tuesday, March 8, 2011



EMA: Drude-Lorentz responses . ic:aiamos

Close to the resonance, both ¢(w)and ©(w) can be modeled
by Drude-Lorentz formulas

Typical separations

QQ
ca(w) =1 — 552 d = 200 — 1000 nm
w* —wp , + I'p qw
0?2 %
fo(w) =1 — e Infrared-optical frequencies

Q/27 =5 x 10" Hz

] QE’Q/Q = 0.1 QM’Q/Q =0.3
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0 - —
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2 ] Re & (o). I'go/QY=Tp2/Q=0.01
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Attraction-repulsion crossover . io:atamos
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KATIONSL LABDESTIEY
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» Los Alamos
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@ In some metallic-based MMs, there is a net
like the fishnet design on the right.
Q

conductivity due to the metallic structure,
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since it results in an electric response
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Casimir force reduction or repulsion,
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EMA: correct model for u . Los Alamos

Drude-Lorentz for permeability is wrong. The correct expression that
results in EMA from Maxwell’s equations is

-
W

w2 — w3, + 2iymw

The appearance of the w? factor in the numerator is very important:

Although close to the resonance this

behaves in the same way as the Drude-
Lorentz EMA permeability, it has a
completely different low-frequency

Fd'A/hcA

behavior
,ueﬂf(if) <1< eeﬂ:(ig)

No Casimir repulsion! e

Tuesday, March 8, 2011



Other Casimir MMs: chirality Lo atmos

The chirality of a MM is defined by the chirality of its unit cell

() 5= (b)

—= RWR R
= VR R
71°X VR R«

I -H !
PSS R
et Snbataled s S
e 10mm  il.6mm 15x 15 mm?

In a chiral medium, the constitutive relations mix electric and magnetic fields

D(r,w) = e¢(w)E(r,w) —ik(w)H(r,w)
B(r,w) = ik(w)E(r,w) + p(w)H(r, w)

° ° . . wkw -::‘ 1 ",\/‘
dispersive chirality: <(w) = —F——5—— : .' T
W — W, p T+ 1YEW : b <096}

Same-chirality (SC) materials: repulsion

Opposite-chirality (OC) materials: attraction
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A
Beyond EMA +Los Alamos

Everything discussed so far is based on the assumption that the effective
medium approximation (EMA) holds.We recall that this amounts to treating
the MM in the “long-wavelength approximation”, i.e., field wavelengths much
larger than the typical size of the unit cell of the MM.

How to calculate Casimir forces when EMA does not hold?
Can one trust predictions of Casimir repulsion with MMs based on EMA?

Homogeneous Non-homogeneous
medium medium
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EMA beyond EMA
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Exact method: Scattering theory .icas

SIS gy

2, The Casimir force still may be described
‘ in terms of reflections (scattering theory)
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Symbolically, we may write the Casimir energy as

E(d) S Kdp . —Kd
— = h/() %logdet 1 —Rie " Roe ™

where R; = Ri(knakﬂapap/? ’Lf)
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Solving for the reflection matrix . io:aamos

The reflection matrix can be obtained with standard methods of numerical
electromagnetism. One way is to solve Maxwell equations for the
transverse fields

OF
—ikait = Vi [X§3 -V X Ht] — kQ,u§3 x H;
<
OH
~ik— L= Vv, [¢e3  V x By] + k2eé5 x Eq
zZ

Assuming a two-dimensional periodic structure, we have

: 27N 2mm
_ tk-r . .
Ei(z,y) =e ;Sm,n exp [z T T +1 L, Y

. 2m™n 2m™m
H,(z,y) = ™" ZHm,n exp [z 7 +1 7Y
m,n x Y

)

21N 2mm
e(z,y) = Zem,n exp [z 72 + i 7 y]
@ Y

where m,n ) )
p(z,y) = n;lum,n eXp [Z z—j-:x + 2 ZTy]
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Exact reflection matrix w0y T

One can then write the equations for the transverse fields as

_ T - B 1 T
g'rznn wrzn n
Yy
a‘Ijm m! __ Z A/, ) . mn _ \Um n
m/n/ mn *mn mn — | qx — | w3
mn rzjnn Zm
mn \I‘j mn

Here H is a complicated matrix, that encapsulated the coupling of modes in
the periodic structure.

By numerically solving this equation and imposing the proper boundary
conditions of the field on the vacuum-metamaterial interphase (RCWA or
S-matrix techniques), one can find the reflection matrix of the MM.
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Davids, Intravaia, Rosa, DD, arXiv:1008.3580 (to appear in PRA)
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Chiral MMs. |

* Los Alamos
Configurations No difference in Results
&~ metamaterial approx. .
Unit cep Aligned Shifted Force F in SC
N and OC configs.
Chirality T 1 4

(SC)

(0C)

Attractive, F . > Fq- in metamaterial limit

0.25
0.2

0.1
0.05

Centers Aligned
0.15AN

. Inhomogeneity

Plot (Foc- Fse) / Foc:

Metamaterial Prediction

+ U

W

Relative Force Difference (x 104)

27103 times smaller!

02 04 06 08 1 12 14
Plate Separation (z / @)

-0.1

B B B B B B B B B Em Em B
o

McCauley et al, PRB 2010

0.05 Ns Shifted

1 ¥ ¢ ————
\/\ Sign of force ratio

is shift-dependent
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Chiral MMs. Il J Lok Asarmas

Mesh used 1n
computations
—> '
Chiral
Particle . :
Umt cell Metamaterial

Effect of inhomogeneity across displacements x

Total force relative to

Opposite Chirality g . ~ parallel metal plates

ﬁ . . ; [13 . 29 b
L1073 Chirality ¢ repulsive” effect (force reduction) of
E: well-defined = chirality is one ten-thousandth of this!
L 3
:':Fq , Conclusion
|

oy 1 1 .
= | Metamaterial j In .the regime Wh.ere ’.the.
~ 107 limit is valid chiral metamaterial limit
S " | is valid, the effect is too

Same Chirality | | small to be observable.

2.5 3 35 4 4.5
z/a

McCauley et al, PRB 2010
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Remarks: MMs and Casimir . Lok Alamos

@ Metamaterials offer an interesting possibility for Casimir force
manipulation: engineered optical response, (maybe) broadband, dynamic
control.

@ Several proposals for MM-based Casimir force use effective medium
approximation. Their predictions have to be carefully checked since EMA
breaks down for electromagnetic fluctuations with wavelengths comparable
to metamaterial feature sizes.

@ Casimir repulsion in vacuum-separated metallic/dielectric metamaterial
structures seems hard to achieve. It is certainly impossible in geometries that
are effectively one-dimensional (Casimir stability considerations).
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Disorder in quantum vacuum

A,
2 LOS

Alamos
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. . A
Localization of matter waves (L5} Alames

SEDEATOEY

Q@ Waves propagating in disordered potentials undergo multiple scattering processes
that strongly affect their usual diffusive transport and can result in localized states.

@ Recently localization of a | D BEC has been observed: in a speckle potential (Aspect
group, 2008) and in a bi-chromatic optical potential (Inguscio group, 2008)

1,000

Atomic density (atoms pnr)

-0.8 -0.4 0.0 0.4 0.8
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CP for rough surface s Al

2Lrp
A}

o Moreno, Messina, DD, Maia Neto,

2,

a) P — il Reynaud, Lambrecht, PRL 2010
. ‘\\N\ e ../-‘[\‘y

b)

C)
d"(z) 10 e e
c: \ T h(x) = 3 ;24 hicos(kix + 6;)
"4 g.-.:‘:"ujl )
53 1 3heal(0 | |
UM (z,2) = — = jzh, g (k;z) cos(k;z+6;), (1)
0 e 15hea(0) 5
U (z,2z) = =S Z hih; (2)

$,7=1
X [cos((k; + kj)x +6; + 6, ')g(z)(ki’;, Ci2)
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BEC dynamics + weak disorder . ioaamos

2
@ GP equation thOpp(r,t) = — ‘)' Uf,:ll t)+ Ur(x,z)O(t) plx,t)
4
2,2
W ..

o

=—0O(—t) p(x,t) + get|p(x, 1) *e(z,t), (3)

Q@ Weak disorder: Vgr(z0) < i VE(20) = (Ur(z,20) — UL(z,20))?

short-times: interactions dominant, disorder negligible

large-times: disorder dominant, interactions negligible

_— 3..'\'?£ 1/¢ ) 22\ T s
n(r) = = : (1 — k°&°) I‘.Dk ll_.l'_}|~ dk . (4)
s 0
-', / \ :x
—_— (D & | A . , . PR
|k ()2 = ‘f!' ) / w sinh(mu) (5)
2 0

¢ .

1 4+ u? - P

X . . (‘,—21_1+u )y (k)| x| dic.
1 + cosh(mu)

£ = h/y/4mpu 1s the healing length of the BEC
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CP disorder correlation

L
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= v(k)
0.06
DN
0.04 06 08 1
ke
002
0 " |
02 04 06 0.8

ke !
FIG. 2: ~(k) vs. k€ from Eq.(6). The atom-surface distance
is 2o = 1.5um. Inset: same data in Log-Lin scale, the maxi-
mum length scale to be measured L. = 1mm. and the value
k* = f-_l (1/L max) separating localized (Loc.) from delocal-
ized (Deloc.) modes.

E, = h*k*/2m

D gD Y
mr*F “{Zo)

2h2Ey.(2k)?

F(zg)

h(x)2 P(w/k) (g/': 1) (2kzp)

= 3hca(0) ‘,"'.\'32”) > 'r: {
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CP-induced localization . Lok Alames

2o = 1.5pum

Va = 0.089 '

1

—— '

- '

o '

- '

[y '
~
—
-

0.1

i Initial Size

vel r/ I.BLX
FIG. 3: BEC density (arbitrary units) vs. position. Both
the perturbative theory described by Eqs.(4,5.6) (solid) and
the full numerical simulation (dots) are computed using the
first order approximation for the CP potential at zo = 1.5um.
The surface profile is averaged over 40 realizations. Time

corresponds to w,t = 28,

N = 100 8"Rb atoms

— 1 bo ‘

= ~* ;
2 -, E) !

= —

= 5

0.01
Initial Size
. A e A 1 . e A A
0.1 1

A ‘v".Lm.\‘(

FIG. 4: BEC density (arbitrary units) vs. position, after
wet = 14. The lm)ti]t' is averaged over 40 realizations at a
distance of zg = 1.0pm. Numerical simulation (dots) includes
both the first and second order terms of the lateral CP poten-
tial U (x, z). The wing is fitted by a power law n(zr) < 1/2"
with v = 1.84 (solid). Inset: zoom of the numerical data in
Log-Lin scale.

h; € [0,200]nm

o = 0.25um (i.e., radial trapping frequency w, = 27 x 286Hz) 0; € [0,2nx].

Ltr = 35um (l.e., w, = 27 x 2.75Hz)

£ = 0.85um.

Ai € [1,20]pm
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The thermal Casimir force o

First observation of
the thermal Casimir force

plate separation (um)
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Torsional Pendulum Set-up . Los Alamos

%k Upgrade of Lamoreaux’s 1997 experiment

XYZ po«;monor ‘

I “— Plate voltage
Casimir plate 6_‘
-Compensator plate
Pivot pomt
I F FL 500LN
( 1|n|c1rcuns)
JUUL 1
*\lllr{ﬁj—‘l}l" ‘ PSD
T f L 1" 40V
An imbalance in capacitance is amplified and sent to a phase ‘ ’*Il 'l '} H PID |
sensitive detector (PSD), which generates error signals. 9V
RF Drive 170 KHz l:jl s
A proportional integro-differential (PID) controller provides a -

feedback correction voltage Spip(d, V,) to the compensator
plates, restoring equilibrium.

F (SPID + 9V)2 ~ (9V)2 + 2SPID X 9V

The correction voltage is the physical observable, and it is
proportional to the force between the Casimir plates
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. . . 7o
Typical Casimir Measurement  .icsalamos

SPID (CZ, Va) — Sdc(d —> OO) -+ Sa(d, Va) -+ Sr(d)

pal A

‘ ¢ ¢ electrostatic signal in residual signal due to
c?rcel- rele componen'F © response to an applied distance-dependent
Signal at farge separations external voltage forces, e.g. Casimir

The electrostatic signal between the spherical lens and the plate, in PFA (d < R), is

S, (d,V,) = meoR(V, — Vin)?/3d (3 force-voltage conversion factor

This signal is minimized (S, = 0) when V, = V,,, , and the electrostatic minimizing
potential V,,, is then defined to be the contact potential between the plates.
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“Parabola” measurements +Los Alamos

Calibration routine 0.2 o 3 l
s
. : OO
A range of plate voltages V/, is applied, and o 0295F\ | ¥1 F /-
at a given nominal absolute distance the 2 | |
i 7z 03 \ \ gt
response is fitted to a parabola : \3
d) Jt I/"'
i
2 -0.305 :
SPID (d7 Va) = S0 + k(Va — Vm) 02 -01 0 01 02

Applied Potential (V )
Fitting parameters

k =k(d) —> voltage-force calibration factor + absolute distance
Vin = Vin(d) — distance-dependent minimizing potential

So = So(d) = force residuals: electrostatic + Casimir + non-Newtonian gravity + ....

This procedure is repeated at decremental distances, from 7 um down to 0.7 um,
completing a single experimental run.

In the experiment V,,, = V,,,(d) is almost constant (0.2 mV variation in the whole range)
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Force Residuals . Los Alamos

Residuals from Coulomb force obtained from the value of the PID signal at
the minima of each parabola,

\ ‘:\. 1 1 1 1 1 1
300_.'-. L. .....................
Y
. \t Plasma, T=300K
700 - |'I ....................
cool AN [ Plasma, T=0K
_—_E-"-__*?‘:‘—:' ....................

Drude, T=300K
Drude, T=0K

500 -

400 4-

« separation (pNxum)

300+

© 200 - 4‘» ..........................................
- 1 i * iwE iy =
100 | ——F—— . SN S S S S
0 ===

plate separation (um)

In the experiment, these force residuals are too large to be explained just
by the Casimir-Lifshitz force between the Au plates.
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Electrostatic Patch Effects

Z,
» Los Alamos

Sphere-plane geometry:

To compute the patch effect in the sphere-plane
configuration we use PFA for the curvature effect
(d < R) but leave kd arbitrary

V2V (z,y,2) =0

@ o0 " k2e—kd

Fsp(d) = 2n R(Upp(d)) = 16 /. sinh(kd) [

Cri+Cosl | V(z=0)=Vi(z,y) |

Different models to describe surface potential fluctuations:

'II {H l

@ C11,]{: — O2,k: — ‘/02 for kmin <k< kmax @ [\‘[l‘:' — { “)("“ :.“i‘ & P
DE-T > AL
5 dreoV2 R Kmax k2po—kd . x
P : 1n.~) ” - : o= 2}.‘.-4.‘
Fa R oy /;’[ ( Snh(kd) . eol? /' du u
V2
In the limit of large patches (kd < 1): F,,(d) = meoR r;ns

e2ud/X _ 1
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Understanding elec. residuals

We fit the data for the residual force at the minimizing potential with a

force of equal to Casimir + patch effect

F.(d) = Fo(d) + meoR

V2

rms

d

Drude, T=300K

Drude, T=0K

separation (pNx<um)

Force »
-

o
L=

[y
o
<

N

)
Ll

o
<

i’ !!
31,
:I

1

1 3 )

T T T
- 6 -
'

plate zeparation (um)

Plasma, T=300K
Plasma, T=0K
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Thermal Casimir force

8

» Los Alamos
500
2 400
s
£ 300
gzoo_ .
5 100-: Fc(j )(Drude) =g P
01—, ; ;
0.7 1 < 6 s
late separation (um) 2
2 ] Xred VvI‘mS(mV)
Drude, T=300K 1.04 5.4
Quality of fits: Plasma, T=300K 32 3.0
Drude, T=0K 23 4.0
Plasma, T=0K 43 3.0
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Remarks: . Los Alamos

Q@ Experiment rules out the plasma model in the separation range 0.7um
to 7um, and confirms the Drude model

@ Thermal correction to the Casimir force demonstrated.

Q@ Electrostatic residuals modeled as due to large electrostatic patches

2
Ffatches x R‘/r;ns ()\P > d)
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